Abstract-A compact directional patch antenna is proposed. The antenna, operating in LTE frequency band, is designed on Taconic Ceramic (ε r = 10). By loading the antenna with a slotted ring, the size of the antenna is further reduced. To verify its properties the antenna is simulated using CST Microwave Studio and the return loss response of a fabricated prototype with frequency is measured. A very good match between computed and measured reflection coefficient is obtained. Furthermore, the antenna is compact in size and its radiation pattern is directional, making it suited for arrays in LTE wireless communication systems.
INTRODUCTION
Developed based on GSM and HSPA network technologies, Long Term Evolution (LTE) standard has increasingly gain its popularity due to the increasing demand for high speed wireless communication for portable devices [1] . Deployed at 2.6 GHz in Europe, the LTE standard enables high data rate transmission on portable devices [2] . On the other hand, as the portable devices are getting small nowadays, there is a high requirement for compact and miniaturized antennas.
Antenna miniaturization has been widely discussed over the last decade. Techniques for miniaturizing antennas include the use of high permittivity substrates, shorting pins, slot loading and meandering [3, 4] . As the substrate permittivity increases, the physical dimensions of patch antennas decrease. Thus, the size of an antenna with substrate permittivity ε r = 1, will be twice the size of an antenna with substrate of ε r = 4.
Another method of reducing the size of a patch antenna is by inserting a shorting pin between the patch and the ground. This arrangement introduces an inductance to the patch, thus lowering its resonant frequency [5] [6] [7] . Alternatively, inserting slots in a patch introduces capacitive reactance to the antenna and this also lowers its resonant frequency [7] . In a recent example, a Sierpinski Carpet fractal slot is formed on the surface of a square patch together with a Giusepe Peano fractal slot on its edge [8] .
Omni-directional antennas have the advantage of wider coverage compared to directional antennas, but they require more power and are more easily affected by neighbouring interferers. Directional antennas are better suited to systems with limited power and those that involve data communication with known locations. Multiple directional antennas, arranged in an array, can give a highly directional radiation pattern whose main beam can be steered. These features are especially desirable in highly efficient communication systems.
In this paper, a novel directional miniaturized patch antenna, with a slotted ring, is proposed for the LTE Frequency Band. This compact antenna resonates at 2.6 GHz and has a narrow bandwidth. Full-wave simulations carried out using CST 2011 demonstrated good matching performance over the frequency band and its radiation pattern. The antenna was then fabricated on a Taconic Ceramic substrate. Measurements and the simulations show good agreement.
II. DESIGN BACKGROUND
The design of the proposed antenna is based on a patch antenna. Figure 1 shows the geometry of a circular patch antenna, the radius of which is calculated based on circular TM 11 mode resonance and the equation for this is shown in (1) -(2) [3] . where x' mn represents the zero of the derivative of the Bessel function which determines the order of the resonant frequency, f mn . For the TM 11 mode, the value of x' 11 is 1.8412. The circular patch effective radius, a eff , which takes into account fringing effects is given by (3) [3] .
The substrate size, w g is optimized in order to minimize the fringing effect and, simultaneously, to obtain the best return loss value. The linear polarization of the TM 11 mode circular patch can be changed to circular polarization by loading a diagonal slot on the aperture as well as changing the circular aperture to an elliptical aperture [9] .
The structure of the proposed antenna, shown in Figure 2 , consists of a circular patch with a ring slot printed on top of the substrate. The size of the circular ring slot influences the resonant frequency of the antenna. The microstrip feed used in this antenna allows easy connectivity with other components in an RF system, such as the power divider. Detailed dimension of the structure is tabulated in Table I . 
III. RESULTS AND DISCUSSION
The evolution of the proposed antenna design is illustrated in Figure 3 . The miniaturization process begins with the use of a high permittivity ceramic substrate. At 3.4 GHz, the diameter of a standard circular patch antenna on FR 4 board with permittivity, ε r = 4.3, is 25mm. With a higher permittivity substrate such as ceramic, the diameter of the circular patch is reduced to 16 mm. However, as seen in Figure 4 , this miniaturization technique comes with the drawback of a narrow return loss bandwidth.
By applying a circular slot to the circular patch antenna shown in Figure 3(b) , the resonant frequency is shifted to 2.42 GHz, but with poor impedance matching. The corresponding S 11 value for the antennas is shown in Figure  5 . The impedance of the antenna is then improved by optimizing the position and the size of the inset feed (antenna (c)). When optimized, the impedance bandwidth improved with a shift in resonant frequency to 2.62 GHz. The diameter of the central circular element affects the reflection coefficient and the resonant frequency of the proposed antenna. Figure 6 illustrates the simulated S 11 curves for four different values of the central circle radius, while other parameters remained constant. As shown in Table II , the impedance bandwidth (cut-off at -10 dB) and the voltage standing wave ratio (VSWR) are found to increase with the decreasing ratio of the outer ring, R 2 , to the radius of the central circle, R 1 . However, the resonant frequency is observed to decrease with the R 2 / R 1 ratio. This is due to the changes in R 1 . As R 1 increases, the size of the slotted ring becomes smaller, which reduces the capacitance reactance of the antenna [7] . Hence, the resonance frequency of the antenna is increased from its original value of 2.608 GHz. Another important design parameter is the thickness of the outer ring. The variation of S 11 with the thickness the outer ring is plotted in Figure 7 . The resulting VSWR and bandwidth corresponding to the thickness are tabulated in Table III . As in the previous case, the other parameters were fixed during this simulation. The plots show that, the reflection coefficient improves as the outer ring becomes thicker, and that the resonant frequency also increases. It is also noted that the bandwidth increases with the thickness of the outer ring. The resulting sensitivity of S 11 as a function of frequency to both the central circle radius and the thickness of the outer ring are shown in Figure 8 . Over the range 2.6 GHz to 2.8 GHz, it can be seen that the change in the thickness of the outer ring has a bigger influence on the resonant frequency of the antenna structure compared to the central circle radius. Figure 9 compares the simulated surface current distribution of the proposed antenna with its conventional circular patch counterpart. It is noted that the circular ring slot forces a longer current path along the outer radius of the slot. Furthermore, at 2.6 GHz, a strong surface current is observed in this region. However, only a weak current is observed in the inner circle. The simulated radiation pattern of the proposed antenna at 2.6 GHz in the x-z plane (Ø = 0°) and y-z plane (Ø = 90°) is plotted in Figure 10 . The antenna gain and the directivity of the antenna with respect to an isotropic antenna are 1.981dB and 4.048 dBi respectively. The radiation pattern is directional with the main beam pointing at 0° in the x-z plane and 10° in the y-z plane. The geometrical asymmetry of the antenna, caused by the inset feed, is thought to have To verify the modelling and simulation procedures, the proposed antenna is fabricated on the Taconic Ceramic substrate (thickness = 1.27mm, relative permittivity, ε r = 10). The results are shown in Figure 11 . The simulated reflection coefficient for the proposed antenna is -13.0 dB at 2.61 GHz and the measured result is -13.75 dB at 2.635 GHz. The simulated and measured bandwidths (VSWR < 2) for the antenna are 19 MHz and 13 MHz respectively. These results reflect a good agreement between measurement and simulation, which validates the design. The discrepancies in the resonant frequency are thought to be due to fabrication accuracy.
IV. CONCLUSION
This paper presents a compact directional patch antenna for LTE frequency band. The antenna uses a combination of a high permittivity substrate and slot loading, to achieve a compact size. The effects of varying key dimensions on the antenna performance are also studied. It is found that the impedance bandwidth of the design depends on the outer ring thickness. On the other hand, the resonance frequency of the antenna is affected by both the size of the slotted ring and the outer ring thickness. However, it is noted that the outer ring thickness affects the resonant frequency of the antenna structure more than the diameter of central circle. The antenna was fabricated on a 1.27 mm thick Taconic Ceramic substrate. A very good match between the simulations and the measured results is obtained. The proposed antenna has the advantages of a reduced size and a directional radiation pattern. These characteristics are very attractive for antenna arrays in LTE wireless communication systems.
